In this study, an electrochemical immunosensor was introduced for the detection of tuberculosis (TB) via utilization of a modified electrode containing a quantum dot (CdSe/ZnS QD) and functionalized silica nanoparticles (SiNPs) on screen-printed carbon electrode (SPCE) CdSe/ZnS QD/SiNPs/SPCE, by employing indirect enzyme-linked immunosorbent assay (ELISA). Here, the fabricated electrode was linked to the biocatalytic action of enzyme catalase through antigen-antibody binding for the detection of the antigen (CFP10-ESAT6) by means of producing a differential pulse voltammetry (DPV) current. The characterization and cyclic voltammetry (CV) of the modified electrode showed good electrochemical behavior and enhanced high electron transfer between the electrode and analyte. Moreover, the active surface area was 4.14-fold higher than the bare SPCE. The developed method showed high selectivity towards CFP10-ESAT6 compared with the other TB proteins. The detection of CFP10-ESAT6 also showed a linear response towards different concentrations of CFP10-ESAT6 with R 2 = 0.9937, yielding a limit of detection (LOD) of as low as 1.5 × 10 −10 g/mL for a linear range of 40 to 100 ng/mL of CFP10-ESAT6 concentration. The proposed method showed good reproducibility of target analyte with a relative standard deviation of 1.45%.
Instruments
Electrochemical measurements were performed using a µAUTOLAB (III) electrochemical potentiostat (Eco Chemie, Utrecht, The Netherlands) using screen-printed junction cable controlled by General Purpose Electrochemical System software version 4.9 and NOVA 1.11 software. Both methods were operated using SPCE consisting of three electrode systems, a working electrode, a carbon counter electrode, and an AgCl reference electrode immersed in a glass medium containing the supporting electrolyte and analyte. The reference electrode was made of silver. The diameter of the working electrode was 4 mm and the geometric working area was 0.11 cm 2 . The electrodes were all printed on a ceramic substrate (3.4 cm long × 1.0 cm wide × 0.05 cm thick). Fluorescence spectroscopy was performed using Shimadzu RF-5301PC (Kyoto, Japan). Field emission scanning electron microscopy (FESEM) was carried out using JSM 7600F, JEOL (Tokyo, Japan) microscope equipped with an energy-dispersive X-ray (EDX) system (Hitachi S-3400N, Tokyo, Japan) while high-resolution transmission electron microscopy (HRTEM) was from JEM-2100F transmission electron microscope (Santa Clara, CA, USA). Fourier transform-infrared spectroscopy (FTIR) studies were executed using 100 series PerkinElmer (Waltham, MA, USA).
Preparation of CdSe/ZnS QD/SiNPs/SPCE
Firstly, 4 mL of EtOH and 3.3 mL of NH 4 OH were mixed under stirring. Then, 4 mL of TEOS was added to the mixture and left for 24 h. Next, 0.3 mL of APTES was added to the mixture and left overnight. The mixture was centrifuged at 40,000 rpm for 2 h and then dried in an oven at 70 • C for 30 min. The prepared SiNPs were ground using pastel and mortar. For further usage, 3 mg of SiNPs was mixed with 1 mL of deionized water and sonicated for 1 h.
Water-soluble CdSe/ZnS QD was prepared by modification of its hydrophobic surface with TGA. Briefly, the mixture of 1 mL CdSe/ZnS QD in toluene and 1 mL EtOH was centrifuged at 3000 rpm for 15 min. Then, the precipitate was washed with EtOH. These steps were repeated twice, after which the precipitate was collected and re-dissolved in toluene. Next, 150 µL TGA was added into the solution and sonicated for 30 min, and the mixture was kept at room temperature for 24 h. Afterwards, the solution was centrifuged at 5000 rpm for 5 min, unwanted solution was discarded, and the precipitate was dissolved in 1× PBS three times before being dried in a desiccator for 1 h and finally re-dissolved in 1× PBS.
SiNPs/SPCE was prepared by dropping 15 µL of SiNPs solution on the working electrode of SPCE and then incubating for 1 h and 30 min at room temperature. Meanwhile, for CdSe/ZnS QD/SiNPs/SPCE, CdSe/ZnS QD was first activated with EDC and NHS and incubated for 1 h. Next, 1 µL of the activated CdSe/ZnS QD was dropped on the SiNPs/SPCE and then dried for overnight.
Immunoassay Procedures
The immunoassay procedures for CdSe/ZnS QD/SiNPs/SPCE were constructed by dropcasting 5 µL of 0.12 µg/mL of antigen (CFP10-ESAT6) onto the modified electrode and then incubating overnight at 4 • C. Then, the unreacted antigen was washed away by dipping in PBS solution twice before being dried on a hot plate at 37 • C. Next, the electrode was blocked with 1% BSA for 2 h at room temperature followed by washing again with PBS and drying on the hot plate. Subsequently, a 5 µL of 0.5 µg/mL primary antibody was again dropcast on the electrode, incubated for 2 h at room temperature, washed with PBS and dried at 37 • C. Thereafter, a 5 µL of 0.5 µg/mL secondary antibody was dropped on the electrode and incubated at room temperature for 2 h, washed with PBS, and dried again. Lastly, a 5 µL of streptavidin-catalase conjugate was dropped on the electrode and incubated for another 2 h, followed by drying of the electrode. The procedures were followed with an operated DPV used for the detection procedures in 150 µM H 2 O 2 containing 1× PBS (pH 7.4). The same procedures were studied for negative detection without the addition of CFP10-ESAT6 in the immunoassay procedures.
Selectivity and sensitivity studies were investigated by separate immobilization of 20 ng/mL of CFP10-ESAT6 and another TB biomarker protein, MPT64, and 1 mg/mL BSA on the CdSe/ZnS QD/SiNPs/SPCE, followed by immunoassay procedures described in the previous section. Furthermore, sensitivity studies were also conducted at different concentrations of the CFP10-ESAT6 (20, 40, 60, 80 , and 100 ng/mL). The DPV procedures were operated for both selectivity and sensitivity studies in 150 µM of H 2 O 2 containing 0.1 mM PBS (pH = 7.4) at -1.0 to 1.0 V potential. The reproducibility study was conducted to evaluate the reproducibility of the entire experiment. By using the same modification method, the reading of five different CdSe/ZnS QD/SiNPs/SPCE modified electrode was taken, followed by the calculation of the average and standard deviations
Results and Discussion

Functionalized Silica Nanoparticles
Functionalized silica nanoparticles (SiNPs) were obtained from slightly modified of well-known Stober method, in which TEOS and ammonia served as precursor and catalyst, respectively [27] . Firstly, colloidal SiNPs were prepared that involved two types of reactions; (1) formation of silanol groups by hydrolysis and (2) formation of siloxane bridge by condensation polymerization reaction [28] :
2Si-(OH) 4 
Secondly, SiNPs were converted into amine-functionalized SiNPs by reaction of colloidal SiNPs with 3-aminopropyltriethoxysilane (APTES) [29] . Silanes are attached through the formation of a Si-O-Si bond between the surface and the silanol groups. The bond formation between SiNPs surface and the APTES molecules proceeds with the hydrolysis of the alkoxyl groups followed by the covalent adsorption of the hydroxysilane product, resulting in the formation of aminopropyl silane [30] . Then, the alkoxy group of APTES binds to the hydroxyl group of SiNPs leading to the presence of free amines (NH 2 ). Scheme 1 shows the preparation of amine-functionalized SiNPs. The FTIR spectrum in Figure 1 of SiNPs shows that the absorption bands at 3248.13 and 1629.85 cm −1 were attributed to the stretching mode of NH2 and OH, respectively. Furthermore, the characteristic bands at 1053.13, 954.76, and 792.74 cm −1 corresponded to the stretching vibration of Si-O-Si, Si-OH, and Si-O, which are known as the characteristic bands of silica. The peaks at 557.43 and 449.41 cm −1 indicated the stretching vibration of Si-O and the bending vibration of Si-O-Si [31] . Clearly, all these bands confirmed the successful synthesis of functionalized SiNPs. 
Surface Characterization of Modified Electrode
The commercialized semiconductor CdSe/ZnS QD contained oleic acid and trioctylphosphine (TOPO) as organic ligands. Introduction of COOH groups enhanced the compatibility of QD to covalently bind with NH2 groups on protein and SiNPs. The hydrophobic ligands around surface of CdSe-ZnS QD were replaced by hydrophilic ligand from thioglycolic acid (TGA), which contains thiol (-S) functional groups that attached at the surface of CdSe-ZnS QD. The strong affinity of the thiolated groups to the CdSe-ZnS QD will cause the electrostatic binding of the hydrophilic ligands to the surface of CdSe-ZnS QD. Moreover, modification of CdSe/ZnS QD with TGA enhanced the fluorescence intensity because of the simple-chain or non-bulky groups of the TGA molecules [32] . Figure 2a shows the fluorescence emission of CdSe/ZnS QD at 615 nm with excitation of 365 nm. HRTEM of CdSe/ZnS QD in Figure 2b shows the semiconductor of nanoparticles to be uniformly dispersed with each other as single particles without any aggregation even after modification with TGA. The FTIR spectrum in Figure 1 of SiNPs shows that the absorption bands at 3248.13 and 1629.85 cm −1 were attributed to the stretching mode of NH 2 and OH, respectively. Furthermore, the characteristic bands at 1053.13, 954.76, and 792.74 cm −1 corresponded to the stretching vibration of Si-O-Si, Si-OH, and Si-O, which are known as the characteristic bands of silica. The peaks at 557.43 and 449.41 cm −1 indicated the stretching vibration of Si-O and the bending vibration of Si-O-Si [31] . Clearly, all these bands confirmed the successful synthesis of functionalized SiNPs. The FTIR spectrum in Figure 1 of SiNPs shows that the absorption bands at 3248.13 and 1629.85 cm −1 were attributed to the stretching mode of NH2 and OH, respectively. Furthermore, the characteristic bands at 1053.13, 954.76, and 792.74 cm −1 corresponded to the stretching vibration of Si-O-Si, Si-OH, and Si-O, which are known as the characteristic bands of silica. The peaks at 557.43 and 449.41 cm −1 indicated the stretching vibration of Si-O and the bending vibration of Si-O-Si [31] . Clearly, all these bands confirmed the successful synthesis of functionalized SiNPs. 
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Electrochemical Characterization of SiNPs/SPCE and CdSe/ZnS QD/SiNPs/SPCE
The cyclic voltammetry (CV) technique was employed to study the electrochemical behavior of fabricated electrodes in potassium ferricyanide, K3Fe(CN)6 solution, which is a good redox probe to provide the electron transfer behavior since the Fe(CN)6 3−/4− ion can provide fast electrochemical responses [33] . CV responses for the electrodes are shown in Figure 4a in 5.0 mM K3Fe(CN)6 containing 0.1 M KCl solution as a supporting electrolyte at a scan rate of 100 mV/s with the potential window of 0.6 to −0.4 V. Accordingly, bare SPCE (Figure 4a (i)) showed the lowest redox peak current, compared with SiNPs/SPCE and CdSe/ZnS QD/SiNPs/SPCE. The redox peak current and electrode performance of SPCE were greatly increased after modification with SiNPs, as shown in Figure 4a (ii), because of the large surface area of SiNPs that increased the active surface area of the modified electrodes. Furthermore, the CdSe/ZnS QD/SiNPs on the electrode surface highly enhanced the peak current responses due to the fast electron transfer provided by CdSe/ZnS QD, as shown in Figure 4a (iii). In addition, a small peak-to-peak separation for CdSe-ZnS QD/SiNPs/SPCE (+0.16 V) was less compared to bare (+0.23 V) and SiNPs/SPCE (+0.19 V), which indicated a faster kinetics of electron transfer rate, which results from the strong interaction between SiNPs and CdSe-ZnS QD, which enhance the electron transfer between analyte and electrode surface [34] .
Meanwhile, the active surface area can be calculated according to the Randles-Sevcik equation as Ipa = (2.687 × 10 5 ) n 3/2 V 1/2 D 1/2 AC; where Ipa (A) represents the anodic peak current, n is the number of electron transfers, V (Vs -1 ) is the scan rate, D (cm 2 ·s −1 ) is the diffusion coefficient (7.6 × 10 -6 cm 2 ·s −1 ) [35] , A is the electroactive surface area, and C (mol/cm 3 ) is the concentration of K3Fe(CN)6. The estimation of effective surface area for electrode is important in monitoring the performance of modified electrode for electrochemical sensor development. A larger surface area can increase the efficiency of electroactive site that can be exposed for electrocatalytic reaction. The experiments were performed using CV techniques at different scan rates (10-100 mV/s). Figure 4b shows that cathodic 
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Immunoreaction for CFP10-ESAT6 Detection using DPV
Catalase (H2O2:H2O2 oxidoreductase, EC 1.11.1.16) from different sources exhibit similar molecular weight and number of subunits including bovine liver catalase, which is the enzyme in tetramer with a total molecular weight of approximately 240,000 [37] . Each tetramer molecule is composed of four heme groups in which the iron ion is in the ferric state [38, 39] . Heme-containing catalases break down H2O2 by a two-step mechanism. First, catalase heme Fe 3+ reduces one molecule of H2O2 to water and generates a covalent Fe 4+ =O called oxyferryl species and a porphyrin cation radical, both referred to as compound I [40] . At the second step, compound I oxidizes a second H2O2 molecule to regenerate the enzyme and forming oxygen and water molecules [41] . The catalytic mechanism of catalase is shown below:
[Compound I] + H2O2 → Heme Fe 3+ + O2 + H2O.
An electrochemical immunosensor was developed for the detection of CFP10-ESAT protein as TB biomarker utilized indirect ELISA assay. In this format, SPCE was modified with functionalized SiNPs that contain amine (NH2) functional groups (SiNPs/SPCE) for attachment with carboxyl groups (COOH) of CdSe/ZnS QD. The modified electrode (CdSe/ZnS QD/SiNPs/SPCE) was dropcast with the target protein as antigen and then captured by primary antibody. The secondary antibody conjugated with enzyme catalase via biotin-streptavidin linkage binds with the primary antibody. The fabricated electrode was measured by DPV in PBS solution containing hydrogen peroxide (H2O2) as electrolyte. The presence of catalase of the CdSe/ZnS QD/SiNPs/SPCE-modified electrode resulted in high-oxidation-peak current of DPV response as the catalase catalyzed the 
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An electrochemical immunosensor was developed for the detection of CFP10-ESAT protein as TB biomarker utilized indirect ELISA assay. In this format, SPCE was modified with functionalized SiNPs that contain amine (NH 2 ) functional groups (SiNPs/SPCE) for attachment with carboxyl groups (COOH) of CdSe/ZnS QD. The modified electrode (CdSe/ZnS QD/SiNPs/SPCE) was dropcast with the target protein as antigen and then captured by primary antibody. The secondary antibody conjugated with enzyme catalase via biotin-streptavidin linkage binds with the primary antibody. The fabricated electrode was measured by DPV in PBS solution containing hydrogen peroxide (H 2 O 2 ) as Materials 2020, 13, 149 9 of 15 electrolyte. The presence of catalase of the CdSe/ZnS QD/SiNPs/SPCE-modified electrode resulted in high-oxidation-peak current of DPV response as the catalase catalyzed the decomposition of H 2 O 2 to produce water molecules and oxygen. However, in the absence of antigen, there was no catalase present on the electrode since there was no binding between the primary antibody and secondary antibody-catalase conjugate. Thus, decomposition of H 2 O 2 to produce water molecule at a slow rate resulted in lower DPV oxidation peak current. Figure 5a shows the schematic diagram of electrochemical immunoreaction for DPV response of the H 2 O 2 oxidation to produce water molecules and oxygen catalyzed by catalase for the detection of antigen.
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Selectivity, Sensitivity, and Reproducibility Study
In addition, reproducibility in the immunosensor was very important for confirming the reliability of the developed method. A series of five electrodes was prepared for the detection of 100 ng/mL CFP10-ESAT6 protein. Table 2 presents the results, which demonstrated good reproducibility of the CdSe/ZnS QD/SiNPs/SPCE. The mean, standard deviation (SD), and relative standard deviation (RSD) of the measurements for the five electrodes were 8.264%, 0.1203%, and 1.45%, respectively. 
Conclusions
We have demonstrated a practical approach to develop a simple electrochemical-based SPCE for TB detection, employing CFP10-ESAT6 as protein biomarker. An interesting platform based on a combination of CdSe/ZnS QD and SiNPs was presented in order to amplify the detection signal as well as to increase the selectivity of the sensor towards the TB-specific biomarkers. The EDX spectral showed the existence of Cd, Se, Zn, and S elements on the modified surface electrode, which confirmed the deposition of CdSe/ZnS QD on the surface. The active surface area of CdSe/ZnS QD/SiNPs/SPCE was calculated to be 4.14-fold higher than bare SPCE. Moreover, the responsivity of the developed sensor was thoroughly investigated by observing the peak current change in response to the presence of CFP10-ESAT6. It was observed that a linear calibration curve was constructed in the range of 40-100 ng/mL of target concentration, with the limit of detection for CdSe/ZnS QD/SiNPs/SPCE reduced to 1.5 × 10 −10 g/mL as compared to 1.2 × 10 −9 g/mL for SiNPs/SPCE. The procedure described herein can provide a good reproducibility with the RSD value of 1.45%, proving that this analytical assay holds great potential to be used as point-of-care disease diagnostics tool.
